Objective Nighttime onset of atrial fibrillation (AF) is sometimes associated with obstructive sleep apnea accompanied by a characteristic heart rate (HR) pattern known as cyclical variation of HR. The aim of this study was to evaluate whether cyclical variation of HR is prevalent in patients with nocturnal AF. Methods The subjects consisted of 34 patients (68±12 years) with paroxysmal AF, including 14 patients with daytime AF and 20 patients with nighttime AF. Holter electrocardiogram (ECGs) were examined for the presence of cyclical variation in HR and to quantify the HR variability within the 40-minute period preceding each AF episode using a fast Fourier transform (FFT) methods. Results Cyclical variation in HR was observed in 12 of 20 (60%) nighttime episodes and in only two of 14 (14%) daytime episodes. The prevalence of cyclical variation in HR was significantly greater in the nighttime AF episodes than in the daytime AF episodes (Chi=5.34, p<0.05). The mean frequency of cyclical variation in HR was 0.015±0.003 Hz. The mean power of the VLF (very low frequency) component (0.008-0.04 Hz) before the onset of AF was significantly greater in the nighttime AF episodes than in the daytime AF episodes. Among the nighttime AF episodes, the power of the HF (high frequency), LF (low frequency) and very low frequency (VLF) components increased significantly just before the onset of AF compared with that observed 40 minutes before onset. Conclusion The high prevalence of cyclical variation in HR observed before nocturnal AF episodes suggests that sleep apnea may play a role in the onset of nighttime AF.
Introduction
An association between nocturnal atrial fibrillation (AF) and sleep apnea has been suggested by several investigators (1, 2) . In patients with obstructive sleep apnea under 65 years of age, the cumulative frequency of AF is significantly increased compared with that observed in patients without sleep apnea (3) . However, direct evidence supporting sleep apnea as a trigger of AF is lacking. During sleep studies, it is sometimes difficult to record both sleep apnea and AF episodes simultaneously, because the frequency of nocturnal AF events is not high. On the other hand, using Holter monitoring, episodes of AF can be recognized frequently. Guilleminault et al. demonstrated cyclical variations in heart rate (HR) during sleep apnea episodes (4). Stein et al. proposed a simple method for identifying sleep apnea using cyclical variation in HR on Holter electrocardiogram (ECG) (5) . The aim of this study was to evaluate whether cyclical variation in HR is prevalent in patients with nocturnal AF. AF with a nocturnal occurrence is expected to be associated with sleep apnea that exhibits a cyclical variation in HR.
Materials and Methods
This study consisted of 34 patients (68±12 years, 28 men and six women) with paroxysmal AF, including 14 patients with daytime onset and 20 patients with nighttime onset. The mean left ventricular ejection fraction of the patients Division of Cardiology, Shizuoka Red Cross Hospital, Japan was 0.60±0.16. The patients were excluded if they had a preceding history of coronary artery disease, valvular heart disease or cardiomyopathy. Any patients with structural heart disease diagnosed based on noninvasive methods, including echocardiography, were also excluded. Digital Holter ECG recording devices (FM-180, Fukuda Denshi, Japan) with a sampling rate of 128/sec were used with an automatic measurement system (SCM-6600, Fukuda Denshi, Japan). Daytime and nighttime was determined in each patient as the awake and sleep states, respectively, assessed according to the 24-hour Holter ECG recordings. The Holter ECGs were examined for the presence of cyclical variation in HR occurring within the 40-minute period preceding each AF episode. Cyclical variation in HR was defined as an HR change of >20 beats/minute per cycle with a duration of >10 minutes (5) . Frequency domain measurements of HR variability were also determined in each segment preceding AF using a fast Fourier transform (FFT) analysis. In the FFT analysis, premature atrial and ventricular contractions were excluded; only normal RR intervals were included. The 2,560-second interval before the onset of AF was divided into five segments of 512 seconds, and a frequency analysis was applied to each 512-second segment. The power spectra were quantified by measuring the area in three frequency bands: low frequency (LF) power from 0.04 to 0.15 Hz, high frequency (HF) power from 0.15 to 0.40 Hz and very low frequency (VLF) power from 0.008 to 0.04 Hz. A correlation between VLF power and the cyclical variation in HR caused by sleep apnea has been reported (6, 7). The ratio of LF to HF (L/H) was calculated as the index of the sympathetic activity. To evaluate the RR interval fluctuations caused by each frequency component relative to the mean RR interval, the coefficient of component variance (CCV) (calculated according to the following equation: CCV(%) = 100*(power of component) 1/2 /(mean RR interval)) was meas-
The results are presented as the mean ± standard deviation (SD). Paired and unpaired data were analyzed using Student's t-test. Serial changes in the indices of HR variability were analyzed using an analysis of variance for repeated measures. Statistical significance was set at p<0.05.
Results
A representative cyclical variation in HR just before the onset of nocturnal AF is shown in Fig. 1 . The cyclical variation in HR increased along the time course preceding the nighttime onset of AF. On the other hand, as shown in Fig. 2 , the HR increased to 120 beats/minute, and no cyclical variation in HR was observed before the daytime onset of AF. During the 40-minute period prior to AF onset, cyclical variation in HR was observed in 12 of 20 nighttime AF episodes and two of 14 daytime AF episodes. Cyclical variation in HR was significantly more prevalent in the nighttime AF episodes than in the daytime AF episodes (Chi= 5.34, p<0.05). The mean frequency of the cyclical variation in HR was 0.015 Hz, which was located within the power of the VLF component in the FFT analysis.
The mean power of each frequency component within the 40-minute period preceding each AF episode was compared between the patients with daytime and nighttime onset of paroxysmal AF (Fig. 3) . Only the VLF component in the patients with nighttime AF was significantly greater than that observed in the patients with daytime AF. There were no significant differences in LF, HF or L/H between the patients with daytime and nighttime AF. Among the patients with daytime AF, there were no significant differences in the power of VLF, LF and HF or the L/H ratio between the periods just before and 40 minutes before the onset of AF. However, among the patients with nocturnal AF, the power of the VLF, LF and HF components increased significantly just before the onset of AF compared with that observed 40 minutes before the onset of AF (Fig. 4) .
Discussion
The major findings of the present study are as follows: (1) the prevalence of cyclical variation in HR was significantly greater in the patients with nighttime onset AF than in the patients with daytime onset AF; and (2) the mean power of the VLF component before the onset of AF was significantly greater in the nighttime AF episodes than in the daytime AF episodes. In the nighttime AF episodes, the power of the VLF component increased significantly just before the onset of AF compared with that observed 40 minutes before the onset of AF. These observations suggest that sleep apnea plays a role in the onset of nocturnal AF.
An association between nocturnal AF and sleep apnea syndrome has been reported by several investigators (1, 2). Stevenson et al. compared AF patients with controls and found that the proportion of patients with at least moderate obstructive sleep apnea was significantly higher in the AF group than in the control group (62 vs. 38%) (9) . Sleep apnea syndrome is also known to be a risk factor for the recurrence of AF following electrical cardioversion. Kanagala et al. demonstrated that the rate of recurrence of AF in patients with untreated sleep apnea was significantly higher than that observed in patients with treated sleep apnea (10) .
A case of paroxysmal AF occurring after a prolonged apnea episode during polysomnography was recently reported (11) . Monahan et al. demonstrated that the relative risk of nocturnal paroxysmal AF is increased after sleepdisordered breathing events, although the absolute arrhythmia rate is low (12) . Their findings suggested a direct temporal link between sleep apnea events and the onset of AF. We demonstrated that cyclical variation in HR is more frequently observed before nocturnal AF onset than daytime AF onset. The findings of the present study also support the existence of a close relationship between preceding sleep apnea and the nocturnal onset of paroxysmal AF.
Guilleminault et al. first demonstrated the cyclical variation in HR during sleep apnea episodes (bradycardia during apnea followed by tachycardia on termination of apnea) (4). Shiomi et al. reported that the VLF band of the FFT analysis of HR variability is useful for identifying cyclical variations in HR caused by sleep apnea (6). Subsequently, Roche et al. demonstrated that the VLF component of the FFT analysis represents an efficient tool for screening obstructive sleep apnea (7). Stein et al. demonstrated that the presence of cyclical variation in HR with a higher amplitude (>20 beats/minute per cycle) and longer duration (>20% of 3-hour observation period) strongly suggests the presence of sleep apnea (5) . Recently, Hayano et al. developed a new automated ECG algorithm to detect obstructive sleep apnea (13) . This new algorithm exhibits high sensitivity and specificity for identifying obstructive sleep apnea.
Herweg et al. reported that the HF component is increased preceding nocturnal AF episodes in patients with structurally normal hearts (14) . In the present study, the HF, LF and VLF components each significantly increased before the onset of nighttime AF episodes. The HF component reflects the vagal tone, while the LF component indicates sympathovagal balance (15) . The VLF component is more complex and reflects temperature regulation and the activity of the renin-angiotensin system in addition to sleep apnea episodes (16) . Hence, dynamic changes in autonomic balance in association with sleep apnea episodes may play a role in the initiation of nighttime onset of AF. Several underlying mechanisms of the induction of AF by sleep apnea episodes have been proposed, including sympathovagal imbalance and hypoxemia (17) . Although the precise mechanisms remain unknown, some studies have reported the usefulness of continuous positive airway pressure therapy in suppressing nocturnal paroxysmal AF (18) .
This study was performed in a limited number of patients who had either daytime or nighttime onset of AF episodes. Differences in autonomic nerve activity between daytime and nighttime onset of AF may affect HR variability differently. Because this study was based on Holter ECG recordings, most of the patients with nighttime onset AF were not evaluated with polysomnography; therefore, the presence of sleep apnea was not confirmed directly using sleep studies.
Conclusion
The high prevalence of cyclical variation in HR before nocturnal AF episodes suggests that sleep apnea plays a role in the onset of nocturnal AF. 
